U73122 is a selective PLC inhibitor and has been widely used to study the involvement of G protein-coupled phospholipase C in receptor-mediated cell activation [16, 17] . A number of studies also demonstrated that receptor-mediated PLD activation can be inhibited by U73122 in E-series prostaglandins-stimulated human erythroleukaemia cells [18] , angiotensin II-stimulated vascular smooth muscle cells [19] and in immortalized gonadotropin-releasing hormone neurons [20] . In addition, some investigations reported that U73122 may directly inhibit PMA-stimulated activation of PLD in vascular smooth muscle cells [19] and Chinese hamster cells [21] . However, whether U73122 inhibits the PLD activation in respiratory burst of neutrophils stimulated by PMA has not been reported. Although it is well established that in PMA-stimulated respiratory burst, PKC is predominant and PLC is not involved, we recently found that U73122 strongly inhibits PMA-stimulated neutrophil respiratory burst by interfering with PLD activation without affecting PKC activity, suggesting that PLD activation might also be involved in the respiratory burst of neutrophils.
Materials and methods
Chemicals fMLP, PMA, dimethyl sulfoxide (DMSO), Bisindoylmaleimide (GF 109203X), U73122 and Dextran T-500 were purchased from Sigma (St. Louis, MO, USA). [9,10(n)- 3 H] Palmitic acid was from Amersham (Piscataway, NJ, USA). Phosphatidylethanol (PEt) was from ICN Biochemicals (Irvine, CA, USA). Fura-2/AM was from Molecular Probes (Eugene, OR, USA). PKC Assay system was from Invitrogen/Gibco (Carlsbad, CA, USA). 1,2-dioctanoyl-snglycerol (DOG) was from Calbiochem (San Diego, CA, USA). Lymphocytes separating solution (density: 1.007 Ϯ 0.002) was purchased from the Institute of Hematology, Chinese Academy of Medical Sciences (Tianjing, China). Other chemicals were all of analytical grade. Stock solutions of fMLP (10 mM), PMA (1 mM), fura-2/AM (1 mM), U73122 (1 mM), GF 109203X (10 mM) were prepared in DMSO, and further diluted with Hanks' balanced salt solution (HBSS) in usage. However, the final DMSO concentration in cell suspension never exceeded 0.1%.
Isolation of neutrophils
As previously reported [22] , human neutrophils were isolated from the blood of healthy donors firstly by sedimentation of red cells in 0.9% NaCl solution containing 4.5% dextran and then by density-gradient centrifugation of leukocyte-rich plasma in the lymphocytes separating solution. The cells were finally washed twice with saline and suspended in HBSS at the concentration of 1 ϫ 10 7 cells/ml.
Chemiluminescence measurement of respiratory burst
The respiratory burst of neutrophils was monitored as concomitant chemiluminescence burst [23] . Each 1 ml neutrophil suspension containing 1 M luminol was added in a quartz cuvette. Two identical cuvettes containing testing or control cell suspension were placed in a rotating sample holder of a laboratory-made photon counter and measured simultaneously at 37ЊC.
Measurement of intracellular Ca

2؉
Neutrophils (10 6 cells/ml) were loaded with fura-2 by incubation with 1 M fura-2/AM at 37ЊC for 45 min. Thereafter, the cells were washed twice to remove the extracellular dye and resuspended in HBSS at a density of 10 6 cells/ml. The fura-2 loaded neutrophils were transferred in a magnetic stirring cuvette and measured at 37ЊC on a dual excitation fluorescence spectrophotometer (Hitachi F-4500, Tokyo, Japan) that allows simultaneous excitation at 340 nm and 380 nm. During the measurement, fMLP was injected into the cell suspension. The fluorescence of the cytoplasmic Ca 2ϩ -binding fura-2 excited at 340 nm and 380 nm, F340 and F380, were simultaneously recorded at the emission of 510 nm. The free intracellular Ca 2ϩ concentration, [Ca 2ϩ ]i, in cells was calculated according to literature [24] .
Radioactive labelling of neutrophil phospholipid pool
Neutrophils were suspended in the buffer (pH 7.3) containing 25 mM Hepes, 125 mM NaCl, 0.7 mM MgCl2, 0.5 mM ethylene glycol tetraacetic acid (EGTA), 10 mM glucose and 1 mg/ml fatty-acid-free bovine serum albumin at the density of 4 ϫ 10 7 cells/ml at room temperature. Cells were then diluted with an equal volume of the same buffer containing [9,10(n)- 3 H]Palmitic acid (20 Ci/ml) and incubated for 3 hrs at 37ЊC in a shaking water bath. Following the incubation, the cells were washed twice and resuspended in the above buffer but with 1.5 mM CaCl2 replacing the EGTA (10 7 cells/ml). [25] . Ethanol (1.5%) was added to the cell suspension (4 ml; 1 ϫ 10 7 cells/ml) in tubes, and the suspension was incubated for 5 min. at 37ЊC before adding test agent. After additional 10 min. incubation, cells were collected by centrifugation (12,000 ϫ g, 10 sec.) as pellets. The pellets were immediately resuspended in 2 ml chloroform/methanol (2:1, by vol.). All subsequent procedures were performed at 2ЊC. An aliquot of 0.04% (mass/vol.) CaCl2 (1 ml) was added and mixed with the cell lysate and allowed to stand for 15 min. After centrifugation (1500 ϫ g, 10 min.), the upper aqueous phase was removed, the lower organic phase was washed with 1 ml 0.04% CaCl2. The resultant organic phase was evaporated to dryness using a vacuum pump. The dried phospholipid extracts were suspended in 30 l chloroform/methanol (2:1 by vol.), then immediately spotted onto Silica Gel plates (Merck KgaA, Darmstadt, Germany) using authentic PEt as reference. The thin layer chromatography (TCL) plates were developed in chloroform/methanol/acetic acid (32.5:7.5:1 by vol.) [6] . The phospholipid bands were localized by iodine staining and the PEt band were scraped. Radioactivity in the band was determined by liquid scintillation counting.
Assay of PLD activity in cells
Assay of PKC activity in cells
PKC was assayed with Protein Kinase C Assay system using Ac-MBP as substrate and the pseudosubstrate peptide PKC as inhibitor. According to the protocol provided, neutrophils (4 ϫ 10 7 cells /ml ) in HBSS were pre-incubated with or without U73122 for 10 min. and then stimulated with PMA. Reactions were stopped by addition of 3-fold excess of ice-cold HBSS. Cells were collected and resuspended in 1 ml disruption solution (20 mM Tris-HCl, 0.5 mM EDTA, 0.5 mM EGTA, 10 mM ␤-mercaptoethanol, 25 g /ml leupeptin and aprotinin). After sonication, the lysate was centrifuged at 100,000 ϫ g for 1 hr at 4ЊC. The pellet fractions was resuspended in 0.5 ml extraction buffer containing Triton X-100 (0.5%), 20 mM Tris-HCl, 0.5 mM EDTA and EGTA, 10 mM ␤-mercaptoethanol and 200 mM NaCl, then incubated at 4ЊC for 30 min. and centrifuged again. The PKC in cell membrane fraction was obtained as supernatant. The supernatant was mixed with 50 l of the lipid preparation provided with the assay system (100 M PMA, 2.8 mg/ml phosphatidyl serine and Triton X-100 mixed micelles). The mixture was then divided into nine aliquots (30 l) of three groups, the first three aliquots were added with 10 l water as control, the 10 l supplied inhibitor solution (100 M pseudosubstrate peptide PKC and 20 mM Tris pH 7.5) and 10 l 5 M U73122 was added to the aliquots of the second and third group respectively. Each aliquot was added with 10 l of 32 P/Substrate (250 M Ac-MBP, 1000 M ATP, 5 mM CaCl2, 100 mM MgCl2, 20 mM Tris pH 7.5 and 20 Ci/ml [␥-32 P] ATP) and incubated at 30ЊC for 5 min., then spotted onto phosphocellulose discs. After washing discs with 1% phosphoric acid and water to remove the free 32 P-ATP, the radioactivity associated with PKC substrate on the discs was measured by liquid scintillation spectroscopy. The results were obtained as the counts of the control group and the group with U73122 minus the counts of the group with inhibitor.
Results
Inhibitory effect of U73122 on the respiratory burst in fMLP-and PMA-stimulated neutrophils
The inhibitory effects of U73122 on fMLP-and PMA-stimulated neutrophil respiratory burst were investigated. Figure 1 shows that
PLD activation in PMA-and fMLP-stimulated neutrophils and its inhibition by U73122
To further elucidate the role of PLD and its relevance to the inhibitory effect of U73122 in the PMA-and fMLP-stimulated respiratory burst in human neutrophils, the PLD activities in the stimulated cells either in the absence or in the presence of U73122 of various concentrations were determined. The results are shown in Fig. 2 . PLD activity increases in both PMA-and fMLP-stimulated cells. But, the activation of PLD seems more prominent after PMA-stimulation. When cells were pre-incubated with U73122 at various concentrations for 10 min., the PLD activity in both PMA-and fMLP-stimulated cells was significantly reduced in a dose-dependent manner. The activity of PLD in the PMA-stimulated neutrophils was reduced by 20% and 40% in the presence of 0.3 M and 1 M of U73122 respectively. Interestingly, it was noticed that 2 M U73122 almost completely inhibited the PMA-stimulated respiratory burst, but only suppressed PLD activity by about 50%. The fact that half of PMA-stimulated PLD activity still exist in the cells, whose respiratory burst is already completely inhibited by 2 M U73122, may suggest that either the activation of PLD is only partially responsible for the PMA-stimulated respiratory of human neutrophils or PLD activity needs to be kept over a certain threshold to prime the respiratory burst. Based on such differential effects of U73122, it may be reasonable to conclude that PLD activity may partially contribute to PMA-stimulated respiratory burst. 
Blockade of PA generation partially blocks PMAstimulated neutrophil respiratory burst
After showing the activation of PLD in the PMA-stimulated respiratory burst of neutrophils, we tested if blockade of downstream of PLD signalling results in reduced respiratory burst. PLD activation leads to the generation of PA, which can be quickly catalysed into DAG [4] . Since PLD functions through its hydrolytic products PA and DAG, we used 1-butanol, which blocks the PA generation, to pre-treat cells at different concentrations and observe its effects on PMA stimulated respiratory burst. Figure 3 shows that 1-butanol partially blocks the respiratory burst. The above results show that PLD partially contributes to PMA-stimulated respiratory burst probably through its hydrolytic products.
Effect of U73122 on protein kinase C translocation and activation in PMA-stimulated neutrophils
To determine if the inhibition of the PMA-stimulated respiratory burst and PLD activation by U73122 is due to inhibition of PKC, the PKC activity in the membrane fraction, that was isolated from the cells pre-incubated either with or without U73122 for 10 min. and then stimulated by PMA, were determined. In order to distinguish between the direct action of U73122 on PKC and a possible action of U73122 on the signalling pathway upstream of PKC, the in vitro inhibitory effect of U73122 on PKC activity was also determined by adding U73122 into the membrane fraction of the lysed PMA-stimulated neutrophils. The results are summarized in Table 1 . It can be seen that the membrane PKC activity increased 15-fold by PMA stimulation. However, U73122 did not inhibit the PKC activity either in PMA-stimulated cells or in the PKC-containing membrane fraction isolated from the same stimulated cells. The results indicate that the inhibition of the PMA-stimulated respiratory burst by U73122 is not due to any inhibitory effect on translocation and activation of PKC in cells.
PLD activation and its PKC dependence in the PMA-stimulated respiratory burst
To know if the PMA-stimulated PLD activation is PKC dependent, PLD activity and the respiratory burst in the PMA-stimulated neutrophils were determined in the presence of GF109203X, a selective PKC inhibitor. The results revealed that GF109203X effectively suppressed the PMA-stimulated respiratory burst in a dosedependent manner (Fig. 4A) . It was also found that GF109203X effectively inhibited the PMA-stimulated PLD activation even at a lower concentration of 0.3 M and almost completely inhibited the stimulated PLD activity at the concentration of 1 M (Fig. 4B) . It was interesting to notice that 0.3 M GF 109203X could almost completely inhibited the PMA-stimulated PKC activation and respiratory burst in neutrophils, but only partially suppressed the PLD activity (compare Fig. 4A with Fig. 4B ). Thus, it may be concluded that only a portion of PLD activation comes from PMA-activated PKC, or in other words, the PMA-stimulated PLD activation is partially PKC dependent. This result is in accordance with Fig. 2 , in which 2 M U73122 completely blocks PMA stimulated respiratory burst but only partially inhibits PLD activity, suggesting that PLD activity needs to be kept above a certain level to sustain the respiratory burst.
Priming with low concentration of DOG reverses the inhibitory effect of U73122 in PMA-stimulated neutrophil respiratory burst
The above results indicate that PLD is involved in PMA-stimulated respiratory burst. However, the mechanism is unknown. Since Results are the mean Ϯ S.D. of three separate experiments. *Neutrophils were incubated with 2 M U73122 for 10 min. and then stimulated with 100 nM PMA. § Neutrophils were incubated with PLD activation results in the generation of PA, which can be quickly turned over to DAG, an important activator of PKC and respiratory burst, we used a low concentration of DOG (100 nM), a membrane permeable DAG analogue, to prime cells and then investigated if DOG modulates the PMA-stimulated respiratory burst of neutrophils in either the presence or absence of U73122. The results are shown in Fig. 5 . DOG only slightly enhanced the PMA-stimulated respiratory burst in the absence of U73122. However, priming with DOG significantly eliminates the inhibitory effect of U73122 on PMA-stimulated respiratory burst. This result implies that DAG is still required in PMA-stimulated respiratory burst, and PLD might be a major source enzyme to provide it. The obligation of U73122-exerted inhibition of respiratory burst by DOG suggests that U73122 blocks PMA-stimulated respiratory burst possibly through elimination of DAG, the product of PLD activation.
Discussion
PMA-stimulated neutrophil respiratory burst has been considered simply as a PKC-dependent signal pathway. However, the present investigation demonstrated, probably for the first time, that the stimulated PLD take considerable responsibility for the respiratory burst in PMA-stimulated neutrophils. The observation that U73122 at a reasonable concentration (2 M) completely inhibited the PMA-stimulated respiratory burst and the PMA-stimulated PLD activation evidently indicates a role played by PLD in PMA-stimulated respiratory burst. It suggests that PMA stimulates respiratory burst may not only through direct activation of PKC, a wellestablished signalling pathway [3] , but also by activating PLD. It was interesting to find that U73122 inhibited PMA-stimulated PLD activation but had no inhibitory effect on the PMA-stimulated PKC activity in the stimulated cells, suggesting that U73122 inhibits PMA-stimulated PLD activation downstream of PKC. One recent study on the mechanisms of regulation of PLD1 by PKC␣ showed that PKC activated PLD through protein-protein interaction but not phosphorylation of PLD [26] . U73122 might also inhibit PLD activation by interfering with PKC and PLD interaction. The mechanism on how U73122 inhibit PMA stimulated PLD activation needs to be further studied.
The present investigation showed that the specific inhibitor of PKC, GF109203X, could completely inhibit the respiratory burst and PLD activation in PMA-stimulated neutrophils. However, the complete inhibition of the respiratory burst appeared much earlier than the complete inhibition of the PLD activation (compare Fig. 4A with Fig. 4B ). It has been well established that the respiratory burst (or the generation of O2 Ϫ ) is due to the phosphorylation of the subunit p67 phox of the NADPH oxidase by activated PKC in PMA-stimulated neutrophils [27] . Many studies showed that GF109203X is a more specific inhibitor of PKC, which strongly inhibits the PMA-induced phosphorylation of p67 phox [27] , and significantly reduces a number of inflammatory process resulting from PKC activation by the topical application of PMA to mouse ears [28] . Unlike Staurosporine, a non-specific PKC inhibitor which primes the fMLP-stimulated respiratory burst of human neutrophils by potentiating PLD activation, GF109203X neither stimulated PLD nor primed fMLP-induced PLD or respiratory burst [29] . It is reasonable to believe that the inhibition of PKC by GF109203X should be synchronized with the inhibition of the respiratory burst by GF109203X. The earlier appearance of the complete inhibition of the PMA-stimulated respiratory burst by GF109203X suggests that the PKC activation might be a dominant factor for the PMA-stimulated respiratory burst. U73122 has been considered as a selective inhibitor of phospholipase C and used to demonstrate the involvement of PLC in receptor-mediated signal transduction. The finding of its inhibitory effect on PLD activation in this study and a previous report on its inhibition of cholecytokinin-(26-33)-peptide amide (CCK-8)-induced PLD activation [21] suggest that U73122 may not be only specific for phospholipase C. Caution must be taken in identifying PLC involvement just based on inhibitory effect of U73122. As discussed above, U73122 might inhibit PMA-stimulated PLD activation
The inhibitory effect of U73122 on PMA-stimulated respiratory burst discloses the requirement of PLD activities in PMA-stimulated respiratory burst. However, how PLD is involved in PMA-stimulated respiratory burst still remains unclear. PLD play important roles in lipids signalling and cellular metabolism. PLD hydrolyses PC and generate PA, which can be further catalysed into DAG. 1-butanol, a high-affinity PLD substrate, blocks PA generation by generating PtdButanol instead. Our results show that 1-butanol partially blocked PMA-stimulated respiratory burst (Fig. 3) , suggesting that PLD helps activate PMA-stimulated respiratory burst through PA or its catalytic product DAG. To further test this hypothesis, we used low concentration (100 nM) of membrane permeable DAG analogue DOG to prime the cells. Figure 5 shows that this DAG analogue, at the concentration which is not sufficient to activate respiratory burst [22] , completely eliminates the inhibitory effect of U73122 on PMA stimulated respiratory burst. The result indicates that DAG is required for PMA stimulated respiratory burst. PA and DAG have been suggested to activate the respiratory burst of neutrophils at a step downstream of PKC [30] , possibly via the activation of NADPH oxidase. Our results indicate that besides PKC activation, PA and DAG also play roles in PMA stimulated respiratory burst.
In summary, our study suggests that PLD activation is involved in PMA-stimulated respiratory burst of human neutrophils, though PKC activation is dominant. A possible function of PLD is to provide DAG for maintaining the respiratory burst. PKC and DAG might be both required to activate NADPH oxidase. This study might provide new insight into the mechanism involved in neutrophil respiratory burst and suggest new pharmaceutical target for treatment of related diseases.
